An in vitro system capable of packaging bacteriophage T7 deoxyribonucleic acid (DNA) into phage heads to form viable phage particles has been used to monitor the biological consequences of DNA damaged by alkylating agents, and an in vitro DNA replication system has been used to examine the ability of alkylated T7 DNA to serve as template for DNA synthesis. The survival of phage resulting from in vitro packaging of DNA preexposed to various concentrations of methyl methane sulfonate or ethyl methane sulfonate closely paralleled the in vivo situation, in which intact phage were exposed to the alkylating agents. Host factors responsible for survival of alkylated T7 have been examined by using wildtype strains of Escherichia coli and mutants deficient in DNA polymerase I (poU) or 3-methyladenine-DNA glycosylase (tag). For both in vivo and in vitro situations, a deficiency in 3-methyladenine-DNA glycosylase dramatically reduced phage survival relative to that in the wild type, whereas a deficiency in DNA polymerase I had an intermediate effect. Furthermore, when the tag mutant was used as an indicator strain, phage survival was enhanced when alkylated DNA was packaged with extracts prepared from a wild-type strain in place of the tag mutant or by complementing a tag extract with an uninfected tag+ extract, indicating in vitro repair during packaging.
Recently, the identification of several DNA glycosylases and endonucleases in Escherichia coli and other organisms has allowed the proposal of an integrative scheme for the repair of damaged DNA bases (20, 34) . One general pattern is that DNA containing damaged bases is first acted upon by a DNA glycosylase that generates apyrimidinic or apurinic (AP) sites. In E. coli, three AP site-specific endonucleases have been discovered. These endonuclease activities can account for at least two mechanisms of incision in the repair of AP sites. DNA polymerase and DNA ligase may then complete the repair. Altematively, AP sites may be repaired by direct insertion of the missing base (21) . Since certain bacteriophage and viruses rely heavily (or exclusively) upon host repair functions for dealing with DNA damages, they offer a convenient avenue for elucidating the various host repair pathways. Bacteriophage T7 has served as an effective biological model with which to study the toxic action of alkylating agents on J)NA (11, 17, (31) (32) (33) . Only recently (15) , however, has the role of host-mediated repair in T7 phage viability been examined. T7 is well suited for studies of DNA metabolism because of the thorough genetic analysis and biochemical characterization of both T7 (for review, see references 6, 29, 30) and its host, E. coli (for review, see reference 13) . A unique advantage is that biological activity of T7 DNA can be used as a sensitive endpoint. A cell-free system for packaging exogenous T7 DNA into phage heads to forn viable T7 phage has been developed (12, 14) . As a result, purified T7 DNA can be manipulated in vitro, and the biological consequences can be monitored after packaging. An attractive feature of this packaging system is that, at least in the case of UV damage, the survival of phage particles produced after in vitro encapsulation of UV-irradiated DNA parallels the survival of UV-irradiated T7 phage (14) . These results raise the question of whether the in vitro packaging system might also be used to monitor the biological consequences of chemically damaged T7 DNA. Treatment of DNA with alkylating agents such as methyl methane sulfonate (MMS) or ethyl methane sulfonate (EMS) can cause a variety of potentially detrimental alterations distinct from the well-defined pyrimidine dimer that predominates among UVinduced lesions. The response of both phage-and host-specified DNA metabolic enzymes to various forms of DNA damage is also likely to be different. Although there are similarities between base and nucleotide excision repair, the initial steps of these processes and the internediate DNA substrates generated during repair depend on the specific type of DNA lesion which the cell encounters (5) . Apparently even the injection of the phage genome into the host is affected by alkylation sites in the DNA (9) (10) (11) Quantitation of lesions. 3H-labeled T7 DNA or phage were incubated with various concentrations of MMS or EMS as previously described. After treatment, single-strand breaks and alkaline-labile sites (including AP sites) were calculated from molecularweight determinations after sedimentation in alkaline sucrose gradients (3) . Total alkylation of T7 DNA after treatment of purified DNA was calculated from the radioactivity bound to DNA after incubation with
[14C]MMS and the specific radioactivity of the alkylating agent.
Reaction conditions for in vitro packaging of DNA. Extracts used for packaging were prepared as previously described (14) , except that when strain BK2106 (tag) was used, infection with T73,6,6 was allowed to proceed for 22 min. The preparation of extracts from uninfected bacteria deficient in exonuclease V (recB) (23) and details of the reaction conditions for packaging of DNA (14) have been previously described. Extracts used for packaging that were prepared from T73,5,e-infected strain BK2106 (tag) were complemented by adding 3-pl portions of extract prepared from uninfected strain HMS146 (recB) to 20-pl portions of the packaging extract. For most experiments, the values shown for the numbers of infective centers are the average of four separate determinations, each plated in duplicate.
Reaction conditions for in vitro synthesis of DNA. The preparation of extracts from T7-infected bacteria and the reaction conditions for in vitro DNA synthesis have been previously described (7, 24) . RESULTS HCR. E. coli mutants deficient in 3-methyladenine-DNA glycosylase (tag) have recently been isolated and characterized (8) . The enzymatic release of 3-methyladenine is greatly impaired in these mutant strains. This is presumably responsible for the observation that HCR of bacteriophage X damaged by exposure to VOL. 147, 1981 on November 6, 2017 by guest http://jb.asm.org/ Downloaded from MMS is lower in a tag mutant than that found in a polA strain. We have used a tag mutant to study HCR of bacteriophage T7. Phage incubated with various concentrations of MMS were plated on several host strains. Controls (not shown) indicated that undamaged wild-type bacteriophage T7 plated on E. coli wild type, polA, and tag-2 strains with the same efficiency. Survival was lowest for all doses when the indicator strain was BK2106 (tag) (decreased about 1,000-fold below wild type at the highest dose; Fig. 1A) . Results with the poU mutant were intermediate between those with the tag and wild-type strains. These data are consistent with the results obtained for HCR of X, clearly demonstrate that 3-methyladenine is a lethal lesion for T7 phage, and also argue against the possibility that T7 maintains a glycosylase of its own. Figure 1B shows a similar experiment, except that purified T7 DNA was exposed to MMS before being packaged into phage heads. Analogous to the in vivo situation, survival of phage resulting from packaging of damaged DNA was lowest when the tag mutant was used both to prepare the extract used for packaging and as the indicator strain; values for the poA strain were intermediate.
The spectrum of lesions in DNA after exposure to EMS is different from that generated with MMS (1, 18, 19, 33) . Also, EMS is less toxic (33) and presumably more mutagenic for phage (22) . Thus, we were interested in contrasting the effects of EMS with those obtained for MMS. Figure 2 shows an experiment analogous to that described in Fig. 1 , except that EMS was the alkylating agent. On a molar basis, treatment of intact phage or purified DNA with EMS was less toxic than similar treatment with MMS. Again, the survival of alkylated phage ( Fig. 2A) was lowest when the tag mutant was the indicator strain. At the highest concentrations of EMS shown, phage survival was only slightly lower on the poU strain than on the wild type. The survival curves of viable phage resulting from in vitro packaging of DNA damaged by EMS (Fig. 2B) were virtually identical to those obtained for the in vivo situation, in which intact phage were treated. Thus, the T7 packaging system offers a sensitive means of monitoring DNA damage introduced by MMS or EMS.
In vitro repair during DNA packaging.
The yield of viable phage after in vitro packaging of DNA is a linear function of DNA concentration (14) . Thus, the reduction of viable phage seen in Fig. 1B and 2B could be caused by elimination of suitable substrate due to selection against damaged DNA during packaging or by production of "wounded" phage resulting from Fig. 1. incorporation of predamaged DNA strands into newly formed T7 particles. UV sensitivity of irradiated DNA packaged into phage heads depends upon the repair capacity of the indicator strain on which the phage titers are determined rather than on the strain used to prepare the packaging extract (14) . Earlier work from our laboratory suggests that these E. coli lysates are deficient in the repair of pyrimidine dimers but that the packaging proceeds normally irrespective of the presence of damage in the DNA. To determine whether this would also apply to DNA containing the wider variety of insults introduced by alkylating agents, DNA exposed to various concentrations of MMS or EMS was encapsulated by extracts prepared from either strain W3110 (wild type) or BK2106 (tag), and phage survival was determined with both strains as indicators. For these chemicals, survival of phage resulting from packaging with an extract prepared from wild-type E. coli (Fig. 3A and C) was not influenced by whether the indicator strain was glycosylase deficient. In fact, the extent of killing was similar to that seen for the wild type in Fig. 1B and 2B . The results of packaging treated DNA with an extract prepared from strain BK2106 (tag) are shown in Fig. 3B and D. In this situation, in which glycosylase deficiency presumably caused minimal repair during the packaging reaction itself, survival was greatly influenced by the indicator strain. When wild-type E. coli was used as the indicator bacterium in place of the tag mutant, survival was dramatically improved. Evidently, at least a portion of the damaged DNA was packaged into phage heads and not rejected at a prior selection step. Furthermore, these data indicate that damaged DNA was at least partially repaired during the packaging reaction employing a wild-type extract.
To further investigate the possibility of in vitro DNA repair, we complemented a tag extract used for packaging with an extract prepared from an uninfected tag' strain, which, by itself, could not influence in vitro packaging. Figure 4 shows that survival was enhanced for both MMS-and EMS-damaged DNA when packaging was performed with complemented extracts, although under these conditions the repair of MMS-induced damage was not as complete as what was found (Fig. 3) if wild-type cells were used as the source of packaging extract. We interpret this to mean that addition of the 3-methyladenine-DNA glycosylase present in the extracts from uninfected cells allowed enough in vitro repair of alkylation damage to permit improved survival of the encapsulated DNA when tag cells were used as an indicator.
In vitro DNA synthesis with alkylated DNA as template. The observation of in vitro repair of damaged DNA prompted inquiry into the effects of alkylation damage on other aspects of in vitro DNA metabolism, especially DNA replication. T7 DNA can be synthesized in vitro with a system that mimics in vivo T7 DNA replication (25, 26) , and the product of this reaction can be packaged into viable phage. Figure  5 shows the effect of alkylation of the DNA template on in vitro DNA synthesis, plotted as a function of MMS or EMS concentration. DNA synthesis was markedly reduced for DNA exposed to low concentrations of MMS (Fig. 5A) 4 . Enhancement ofphage survival by complementation during packaging. T7 DNA was treated with different concentrations ofMMS (A) or EMS (B) and packaged in vitro, using extracts prepared from T73s5,6-infected cultures of strain BK2106 (tag). The packaging reactions were carried out in duplicate, and one of each of the duplicate reactions was complemented with an extract prepared from an uninfected tag' strain, as described in the text. In both cases, the indicator strain was BK2106 (tag). The figure shows log S/S0 as a function of chemical concentration, as described in the legend to with concentrations of MMS sufficient to reduce the amount of synthesis below that observed for similar reactions without added DNA, thus suggesting that exogenously supplied T7 DNA is a preferred template over any contaminating endogenous DNA present in the extract. The possibility that DNA synthesis is affected by residual concentrations of MMS or EMS (present during the synthesis reaction at a concentration more than 100-fold lower than for DNA treatment) is unlikely since DNA exposed to MMS or EMS with no incubation (kept at 0°C) and J. BACTERIOL. then diluted into the DNA synthesis reaction gave results virtually identical to those obtained with the nonalkylated control (data not shown). These results show that alkylation damage inflicts a marked reduction on in vitro DNA synthesis and suggests that either repair of alkylated bases is incomplete or damages not corrected by this system cause reduction in both DNA synthesis and viability of packaged DNA. An earlier report (9) indicated that alkylation of T7 phage affects subsequent patterns of T7 DNA replication in vivo.
DISCUSSION
The critical role of 3-methyladenine-DNA glycosylase in DNA repair is emphasized by our studies. When compared with several strains wild type for DNA repair capacity, the tag mutant showed a marked reduction in the ability to reactivate alkylated T7 phage. In fact, a comparison of our data ( Fig. 1 and 2 ) with those of Lane et al. (15) , who examined T7 HCR in xthA mutants (deficient in endonuclease VI), indicates that the effects of alkylation are much more acute in phage plated on the tag mutant than in those plated on an xth strain. This confirms that alternate incision endonucleases are available to act once an AP site is generated by 3-methyladenine-DNA glycosylase (20) . Apparently, a similar situation persists with regard to the resynthesis step that presumably occurs subsequent to excision of the AP site. Our data agree with those of Lane et al. (15) , who saw that, relative to the wild type, poLA mutants show significantly less reactivation of MMStreated T7 phage. However, Fig. 2 reveals only minor differences between wild-type and polA strains in their ability to support the growth of EMS-treated T7. Thus, the DNA synthetic activity of E. coli DNA polymerase I appears to be dispensable under conditions such as UV irradiation or EMS treatment, in which the number of lesions is low and killing is not extensive (14; Fig. 2 ). We interpret this to mean that either another E. coli DNA polymerase or the phage DNA polymerase effectively substitutes for E. coli DNA polymerase I under the conditions used in our experiments. We have noted a reduced efficiency of packaging with the tag mutant, but the cause for this deficiency is not clear. It is, however, unlikely that the lower efficiency of encapsulation observed with the tag strain has a significant effect on our conclusions since controls (not shown) indicate that our results do not change when extracts with different packaging efficiencies are used. More importantly, we were able to complement extracts from phage-infected tag mutants with extracts from uninfected cells so that the efficiency of packaging untreated DNA was not changed but the HCR curves generated were (at least for EMS) near to those found with extracts from phage-infected wild-type cells (Fig. 4) .
At equivalent concentrations of MMS, the survival of treated DNA packaged into phage heads was greater than that of treated whole phage. Although the reason for this greater lethality for MMS-treated phage particles is obscure, it is unlikely that the enhanced sensitivity is due to a greater number of lesions per genome in treated phage than in DNA exposed to MMS at the same concentration. Prior studies with alkylating agents have shown similar yields of damaged bases for treated phage suspensions or isolated DNA, using T2 (2, 16) exposed to MMS or EMS and T4 (2, 16) or T7 (17) exposed to mustard gas. Our data (not shown) regarding the quantitation of damage introduced by MMS indicate that the number of lesions in the DNA is approxiimately the same as expected from earlier studies (33) . Since proteins are alkylated to about the same extent as DNA (2), the greater lethality observed after MMS treatment of whole phage could reflect damage inflicted upon the phage proteins. It is not inconceivable that protein alkylation could, for example, affect DNA injection into the host (11) . Alternatively, at the DNA and protein concentrations used in our reactions, in vitro repair of certain lesions during (or just before) packaging might serve to enhance the yield of viable phage. Since MMS and EMS produce somewhat different spectra of lesions in DNA (1, 18, 19, 33) and since the identity of the specific lesion(s) responsible for inactivation of MMS-and EMS-treated phage is not presently known, it is difficult to speculate on why we do observe approximately the same loss of viability irrespective of whether whole phage or phage DNA is exposed to EMS. It is clear, however, that HCR can be observed both in vivo and in vitro and that with either chemical normal levels of 3-methyladenine-DNA glycosylase are an important factor in phage survival.
The data in Fig. 5 show that exposure of the DNA template to either MMS or EMS retards the rate of in vitro DNA synthesis. It appears, however, that base alkylations by themselves do not markedly slow the overall rate of chromosome duplication. Alkylation caused by exposure to MMS or EMS is known to be far less toxic than other lesions such as AP sites; one inactivation event (37% survival) appears to correspond to about 100 base alkylations but only 3 depurinations per T7 DNA molecule (33) . A comparison of Fig. 1, 2, and 5 indicates that, even when 50 to 100 alkylations are introduced per genome, the in vitro replication system produced an amount of new DNA in excess of the 3 nmol of alkylated DNA supplied as template. Either removal of AP lesions is extremely rapid or, as suggested by in vivo results (9) , methyl and ethyl groups do not dramatically perturb the DNA replication apparatus. Of course, rescue of partial genomes by in vitro recombination (4) may also aid in producing damage-free templates that could be used in subsequent rounds of replication.
Whereas our experiments demonstrate at least partial in vitro repair of DNA damage and considerable replication of alkylated DNA template, the data say nothing about the fidelity of repair or replication on these templates. However, by coupling the DNA synthesis reaction with the packaging system (24), the entire process of T7 self-replication can be carried out in vitro; there is a high yield of viable phage, and newly replicated product DNA can be separated from the exogenous input DNA. Thus, chemical treatment of the template before or during DNA synthesis and subsequent packaging of the product to form viable phage should allow us to investigate in vitro fixation of mutations. The data presented here give us encouragement in this pursuit.
